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Editor: D. BarceloThe aims of this study were to extend the Tracey model in order to quantify and to analyse spring wheat's grain
storage dynamics of wet-deposited radionuclides. Tracey, a dynamicmodel of trace element cycling in terrestrial
ecosystems, was extendedwith descriptions of wet-deposition, interception, foliar uptake and radioactive decay.
Radionuclide ﬂuxes were set proportional to corresponding water or carbon ﬂuxes, simulated with CoupModel.
The extended Tracey was calibrated against experimental data, where 134Cs and 85Sr were deposited on spring
wheat at six growth stages in 2010 and 2011. Sensitivities of grain storage to wheat's and radionuclide properties
were assessed, using the Eikos software, by 1000Monte Carlo simulations for each of the 48 scenarios (combination
of 2 radionuclides, 1 foliar uptake, 2 root uptake approaches, 6 deposition treatments and 2 years). Simulationswere
accepted if simulated grain storage values were within 95% conﬁdence intervals (CI) of measurements.
We found that 15% of 134Cs and 85Sr simulations for 2011, and 6% of the 2010 simulations met the CI-criterion.
Foliar uptake accounted for 99% and 90% of total plant uptake of 134Cs and 85Sr, respectively. Mean simulated
grain storage at harvest increased with lateness of deposition, as the stored proportion of radionuclide deposited
was 0.02% when deposition was before ﬂowering, 2% between ﬂowering and ripening, and 5% (2010) or 10%
(2011, late harvest) after ripening, respectively. Similarly, the property that governed grain storage depended
on the growth stage at time of deposition; stem and leaf ﬁxation rates (deposition before ﬂowering), grain ﬁxa-
tion rates (between ﬂowering and ripening) and grains' interception capacity (after ripening).Keywords:
Dynamic model Tracey
Interception
Foliar uptake
Radioactivity
CropsGS, growth stage; PRU, passive root uptake; S, sampling; TE, trace element.
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the riskiest period, i.e. close to harvest.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The accident at the Fukushima nuclear power plant (NPP) in Japan
2011 renewed global awareness of radioactive deposition risks. Elevat-
ed atmospheric concentrations of radioiodine (131I) and radiocaesium
(134,137Cs) were measured within ﬁve days in the San Francisco Bay
area, near one of USA's principal agricultural areas (UC Berkeley
Nuclear Air Monitoring Station, 2013), and all over the northern hemi-
sphere within two weeks (Swedish Radiation Safety Authority, 2011;
Steinhauser et al., 2014). This rapid spread highlights global risks of ra-
dioactive deposition.
Risks of food chain contamination are highest when radioactive de-
position occurs during a growing season (Anspaugh et al., 2002), as risks
of direct atmosphere-to-plant transfers are highest at that season (IAEA,
1996; Scott Russell, 1966). The International Atomic Energy Agency
(IAEA) concluded in 2010 that more quantitative information on possi-
ble transfers of radioactivity to human food chain via growing season
deposition is needed (IAEA, 2010). The study presented here addressed
some of the knowledge gaps, especially the dependency of uptake and
storage of wet-deposited radionuclides on a crop's growth stage, radio-
nuclide properties, and local weather. The focus was on radiocaesium
(Cs) and radiostrontium (Sr), as these are the main long-living
(30 year half-time) radionuclides released during a NPP accident.
Radiostrontium accumulates in the human skeleton, where it can
cause cancer, especially in young persons, while radiocaesium can
cause various kinds of cancer, especially in muscles.
Mobility of Cs and Sr differ within terrestrial ecosystems. Following
interception, the monovalent cation Cs is washed off by subsequent
rain more easily than the divalent Sr (Müller and Pröhl, 1993;
Kinnersley et al., 1997). In soils, although Cs binds more strongly to
clay than Sr does (Brown and Jones, 2000; Gerzabek et al., 1992),
rootsmay take up Cs twice as rapidly as Sr (Brown and Jones, 2000), be-
cause plants transports monovalent ions more rapidly than multivalent
ions (Marschner, 1986). In plants, Cs can be transported with both
water via xylem and carbohydrates via phloem (Strebl et al., 2007),
whereas Sr is predominately transported via xylem (Roca et al., 1997;
Strebl et al., 2007). Consequently, hardly any Sr is re-translocated
from leaves to fruits (Smolders andMerckx, 1993; Thiessen et al., 1999).
Foliar uptake of radionuclides is themost important uptake pathway
when radionuclides are deposited during growing season (Middleton,
1958). Foliar uptake rates depend on the type of plant involved, its
growth stage and interception capacity, the amount and intensity of
precipitation, and valence of the radionuclides (Pröhl, 2009).
Root uptake (the dominant pathway for radionuclides deposited
outside growing season) is regulated by root distribution, soil type,
weather, soil nutrient and water contents and soil adsorption capacity
(Greger, 2006; Strebl et al., 2007).
Models for plant uptake and storage of radionuclides have been de-
veloped for several purposes, e.g., estimating potential contamination of
plants due to routine releases fromNPPs, dose reconstruction after acci-
dental release and risk assessments of long-term waste disposal
(Thiessen et al., 1999). The complexity or degree ofmechanistic descrip-
tions of processes varieswith the purpose of themodel. The simplest are
ratio-based transfer functions (Bunzl and Kracke, 1987; Rosén et al.
1999), while others include process descriptions and may be coupled
to growth models, for example PATHWAY (Whicker and Kirchner,
1987) and COMIDA (Abbott and Rood, 1993). Some others estimate
human radiation exposure via multiple pathways e.g. ECOSYS-87
(Müller and Pröhl, 1993), which provides information for the Europeanemergency assessment and decision support systems ARGOS and
RODOS (Andersson et al., 2011).
Improvements of model descriptions of deposition, interception,
and translocation to plant parts used in food or fodder production are
required for accurately estimating potential transfers of radionuclides
into the human food chain (Thiessen et al., 1999). The dynamic model
Tracey (Gärdenäs et al., 2009)was originally developed to describe pos-
sible accumulation of radionuclides in forest ecosystems due to ground-
water contamination. In this study, we extended it with model
descriptions of deposition, interception and foliar uptake, based on the
experimental evidence discussed above. Data from a wet-deposition
experiment (Bengtsson et al., 2012, 2013), was used for calibration.
The aims of this study were to extend a dynamic model in order to
quantify and to analyse the grain storage dynamics of wet-deposited ra-
dionuclides in springwheat. There were three speciﬁc aims: First, to ex-
tend and calibrate the Tracey model, enabling it to describe cycling of
radioisotopes in an agricultural ecosystem contaminated by wet-depo-
sition. Second, to quantify the foliar and root uptake as well as the stor-
age of 134Cs and 85Sr in the grains of springwheat (Tríticum aestívum L.).
Third, to analyse the grain's storage sensitivity to properties of spring
wheat, radionuclides and a soil.
2. Materials and methods
2.1. Model theory
2.1.1. Tracey
The Tracey model (Gärdenäs et al., 2009) is a dynamic model
describing cycling of a trace elements (TEs) in terrestrial ecosystems,
it is a multi-compartmental model in which TE ﬂuxes are expressed
in radioactivity or mass per unit area and time (Bq m−2 day−1 or
mg m−2 day−1, respectively Fig. 1). Storage of radionuclides (TEs) in
plant parts and soil pools is described in Bq m−2 or mg m−2. The
plant parts include leaves, stem, roots and seeds. Seeds in the model
concept TESeed comprise ﬂowers and/or seeds (grains) plus outer seed
shells such as husks of spring wheat. Each soil layer includes ﬁve pools
of trace elements pools: trace elements as part of two organic matter
pools (litter and humus), plant roots, in the soil solution and trace
elements adsorbed to soil particles.
The radionuclideﬂuxes are driven either bywater [H2O gm−2 day−1]
or carbon (C) [C g m−2 day−1] ﬂuxes in the ecosystem, simulated with
the CoupModel (Jansson, 2012; Jansson andKarlberg, 2004). For example,
the canopy's water balance governs the interception of radionuclides and
plant development governs TEs storage in plant parts. Take-up by plant
roots and allocation of radionuclides within plants can be described
with two approaches, passive and active. In the passive approach, radio-
nuclides are taken up by plant's roots in proportion to water ﬂux and
the allocation of radionuclides to different plant is according to ﬁxed frac-
tions. Alternatively, in the active approach, radionuclides are being taken
up proportionately to growth, with optimal ratios between the TE and C
contents of the stem, roots and leaves respectively. Plant growth better
explains the storage of strongly accumulating radionuclides than root
water uptake does (Greger, 2006). In both approaches, reallocation of ra-
dionuclides from leaves, stem and roots to grains is in proportion to the
corresponding C ﬂux.
2.1.2. Tracey extension
The Tracey model was extended to enable it to simulate the cycling
of relatively short-living radioisotopes in an atmospheric contaminated
Fig. 1. Pools [Bqm−2] andﬂuxes [Bqm−2 day−1] of a trace element (TE) in the Traceymodel. The thin grey arrows represent TEﬂuxes in the original version byGärdenäs et al. (2009), and
the black thick arrows represent added TE ﬂuxes. The solid arrows represent TE ﬂuxes that are proportional to carbon ﬂuxes simulated by CoupModel, the dashed arrows represent TE
ﬂuxes that are proportional to water ﬂuxes simulated by CoupModel and the dotted arrows represent radionuclide decay rates. The boxes represent state variables, the clouds sinks or
sources, and the circles are auxiliary variables. The soil proﬁle is divided into 10 different layers, each of which includes all of the soil's TE pools.
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ception, foliar uptake, direct and indirect throughfall, harvest of seeds,
and radioactivity decay rates. The corresponding water and C ﬂuxes
simulated with the CoupModel were used as driving forces. An over-
view of existing (light grey arrows, Gärdenäs et al. 2009) and added
ﬂuxes (thick black arrows) is presented in Fig. 1 and the added equa-
tions in Appendix A. The theory behind the added processes is summa-
rized below. The code for the extended version was written within the
MATLAB/Simulink environment (version 8.0 R2012b, MathWorks Inc.).
2.1.2.1. Added processes
2.1.2.1.1. Deposition, interception and foliar uptake. Deposition was
described with a pulse function; a certain concentration of TE [Bq L−1]
was multiplied with the precipitation and/or irrigation [L m−2 day−1]
of a certain day. Amounts of intercepted TEs on the plant at each time
step were deﬁned as a function of the TE concentration in precipitation
and the amount of intercepted water until the water interception
capacity (maximum storage of water per unit Leaf Area Index, LAI) is
reached. Intercepted water is the sum of the amount of intercepted
water at the current and the previous time step. Intercepted TEs TEInt
[Bq m−2 day−1] were partitioned among seeds TEIntSeed, stems TEIntStem,
and leaves TEIntLeaves proportionally to their biomass. Scaling factors
were used to describe negative and/or positive discrimination of
the TE ﬂuxes in relation to corresponding water or C ﬂuxes, thereby
accounting, for possible higher interception capacities of leaves than
stems per unit biomass.
Fixation or foliar uptake of TEs, i.e. absorption of an intercepted TE by
aboveground plant parts, was deﬁned as a function of the TE's concen-
tration in interceptedwater and a rate constant, as in themodels PATH-
WAY (Whicker and Kirchner, 1987) and COMIDA (Abbott and Rood,
1993). The deﬁnition of foliar uptake was extended to include uptakeby all aboveground parts, including stems, leaves and seeds, each with
a speciﬁc rate constant (Appendix A and Table 1).
2.1.2.1.2. Throughfall, inﬁltration and surface run-off. Throughfall in-
cludes both direct and indirect ﬂuxes of TEs. Indirect throughfall
means rain-driven weathering, themost important weathering compo-
nent according to Pröhl (2009). Other formsofweathering are implicitly
considered through the scaling factor for indirect throughfall which is
reversely proportional to the retention capacity of intercepted TE.
Inﬁltration of a TE into the soil is deﬁned as a function of its concen-
tration in the throughfall, the corresponding water ﬂux, a scaling factor
and inﬁltration capacity at the soil surface. A soil surface pool of TEs,
TESoilSurface, is formed if water throughfall exceeds water inﬁltration ca-
pacity. TESoilSurface can either inﬁltrate with a delay into the soil or be
lost through surface runoff.
2.1.2.1.3. Harvest of grains, volatilization and radioactive decay. The TE
ﬂuxes in harvests of seeds and leaves are in proportion to corresponding
C ﬂuxes. Vaporisation or volatilisation of radionuclides is assumed to be
negligible.
A description of the radioactive decay of radionuclides was added to
all TE pools (here, 2.07 years for 134Cs and 64.9 days for 85Sr).
2.1.3. CoupModel
The CoupModel (Jansson, 2012; Jansson and Karlberg, 2004) is a dy-
namic, biogeophysical ecosystem model of water, heat, C and nitrogen
(N) ﬂuxes in a soil-plant-atmosphere system. These ﬂuxes mutually in-
ﬂuence each other in each time-step. The same plant compartments as
in Tracey are considered (root, leaves, stem, and seeds). The soil proﬁle
can be divided into different layers with speciﬁed properties such as hy-
draulic conductivity, root density, and C and N contents of litter and
humus. CoupModel provides driving variables to Tracey model such as
1316 A.I. Gärdenäs et al. / Science of the Total Environment 574 (2017) 1313–1325root water uptake, rainfall interception, growth, and C re-allocation
from leaves to grain.
2.2. Experimental input data to CoupModel and Tracey
The experimental data were taken from the deposition experiment
at Ultuna (59°48′45″ N, 17°38′45″ E), central Sweden, during 2010
and 2011 by Bengtsson et al. (2012, 2013). The data used in the model
application are summarized below.
The experimental crop was spring wheat (Tríticum aestívum L.),
sown and fertilised on 12 May and harvested on 2 September in 2010.
Corresponding dates in 2011 were 27 April 2011 and 1 September
2011. Three 1-m2 plots with plants were subjected to wet-deposition
of artiﬁcial rainwater solutions contaminated with 134Cs and 85Sr at
six growth stages (denoted GS). The six depositions (denoted D1–D6
treatment) occurred between GS21–92 in 2010 and GS37–99 in 2011
according to the growth stage scale of the Biologische Bundesanstalt,
Bundessortenamt und CHemische Industrie (BBCH, Hack et al., 1992)
(Fig. 2). In 2011, the deposition and sampling occasions occurred at
slightly more advanced growing stages than in 2010. The amounts of
134Cs deposited with a rainfall simulator directly on plants at different
growth stages ranged from 24.5 to 30.9 kBq m−2 (2010) and 40.2 to
41.0 kBq m−2 (2011) (Bengtsson et al. 2012). As the amounts were
added in 1 mm artiﬁcial rainfall, the amounts per unit area kBq m−2
equalled the concentrations kBq L−1. Thus, the 134Cs activity concentra-
tion deposited in 2010 was roughly half the amount deposited in 2011.
The corresponding amounts of 85Sr ranged from 28.5 to 49.8 kBq m−2
(2010) and 39.4 to 41.0 kBq m−2 (2011). Wheat plants (plots n = 3)
of a D-treatment were sampled 2–3 h after deposition and again each
day a new D-treatment started, resulting in six sampling occasions (de-
noted S1–S6) for D1, ﬁve (denoted S2–S6) for D2 etc. (Fig. 2). Sampled
plants were separated into stems, leaves, ﬂowers, husks and grains. The
activity concentrations of the radionuclides (Bq kg−1 d.w.) were mea-
sured as described by Bengtsson et al. (2013). The amount of radioactiv-
ity in the grains per unit area (Bq m−2) was calculated using the dry
weight and activity concentration per unit area.
The LAI wasmeasured in-situ with a LAI-2000 device (© LI-COR Bio-
sciences Inc., Nebraska, USA) shortly before sampling.
The soil was a clay soil (60% clay, 20% silt and 20% sand) and its phys-
ical properties, e.g., bulk density, texture, saturated conductivity and pF-
curves aswell as soil C andN contentswere determined at 30 and 70 cm
depth in June 2010. The soil moisture dynamics were monitored with
Time Domain Reﬂectory (TDR) probes (Campbell 612) at 30 cm depth
(n = 4) and at 70 cm depth (n = 3), between June and October both
years.
2.3. CoupModel application
Air temperature, precipitation, wind speed, relative humidity and
solar radiation, recorded daily at the site by the meteorological station
of the Swedish University of Agricultural Sciences at Ultuna (Per
Nyman, pers. comm., 15 Feb 2013), were used as driving variables for
CoupModel. The measured LAI values (Bengtsson et al., 2012;
Bengtsson et al., 2013) were used as an additional driving variable to
govern the simulated LAI and thereby the simulated interception and
leaf biomass development.
The soil was divided into 10 layers (0.1, 0.1, 0.1, 0.2, 0.3, 0.2, 0.2, 0.3,
0.4 and 0.5 cm thick respectively) and their soil physical properties such
as texture, hydraulic conductivity and water retention were taken from
the comprehensive measurements of the U12 proﬁle at the same site
(Sandsborg and Wiklert, 1975/1976), which agree well with our mea-
surements limited to 30 and 70 cm. The conductivity between 30 and
50 cm was relatively low, otherwise the soil physical properties did
not differ so much between layers.
The maximum root depth was set to 170 cm in accordance with ob-
servations by Sandsborg and Wiklert (1975/1976). The critical waterpressure for potential root water uptake was set to 10,000 cm. The pa-
rameters of the Lohammar-equation for transpiration, the half satura-
tion light response Ro (5106 MJ m−2 day−1), the maximum
conductance gmax (0.012 m s−1) and the vapour pressure deﬁcit at
50% closure of stomata (1300 Pa) were taken from Heidmann et al.
(2000). The water interception capacity per unit LAI was set to
0.2 mm LAI−1 (Kang et al., 2005).
Sowing, fertilisation and harvest times were set according to the ex-
periment (Bengtsson et al., 2012). SomeC andN parameterswere based
on data presented by Eckersten and Jansson (1991) and Blombäck et al.
(1995), such as the minimum C:N ratio of different compartments
(leaves 7.5, roots 18, and straw 22.5) and the maximum C:N ratio of
leaf litter (50). The soil C and N contents were set to the measured
values. The temperature sum for ripening was estimated from the
observed growth stage byBengtsson et al. (2012, 2013)with the thresh-
old values of Eckersten and Jansson (1991). After ripening, the leaf C:N
ratio for optimal growth was increased from 10 to 15 (Blombäck et al.
1995).
2.3.1. Calibration
Several parameters, such as solar radiation use efﬁciency and reallo-
cation of C and N from leaves or stem to grain were included in the cal-
ibration to maximise agreement between the simulated and measured
LAI and C contents of the total aboveground biomass CAboveground bio-
mass, leaves CLeaves, stemsCStem,ﬂowers and/or grainsCGrain. In these cal-
culations it was assumed that CGrain were 45% of their measured dry
weight (according to unpublished measurements by Sigrun Dahlin,
Swedish University of Agricultural Sciences, 27 May 2013) and CLeaves
and CStem were 46.5% of their measured dry weight (Kätterer et al.,
2011). The ﬁnal value of solar radiation use efﬁciency (tested range 2–
4 g d.w. MJ−1) was set at 3.5 g d.w. MJ−1, within the reported physio-
logical range (2.2–8.2 g d.w. MJ−1) of wheat (Acevedo et al., 2002;
Loomis and Amthor, 1996). The ﬁnal fraction of C allocated to grain
from other plant compartments (tested range 0.01–0.1) was set at
0.06 day−1 (in 2010) and 0.04 day−1 (in 2011) for leaves, 0.02 day−1
for stems and 0.01 day−1 for roots.
In addition, the measured soil moisture dynamics at 30 and 70 cm
depth during June–October both years were used in the calibration of
CoupModel. The coefﬁcient of determination, R2, was used as measure
of agreement between measured and simulated values of LAI,
CAboveground biomass, CLeaves, CStem, CGrain, and soil moisture contents. Mean
error could not be used as an additional measure of agreement as the
TDR-measurements of soil moisture content showed unrealistic high
values, i.e. higher values than the measured porosity.
2.4. Tracey application
2.4.1. Deposition scenarios
Separate simulations were generated for 134Cs and 85Sr dynamics
from April until September under each of the six deposition treatments
in 2010 and 2011, using both active (ARU) and passive (PRU) root up-
take approaches. This gave 48 scenarios in total (combinations of 2 ra-
dionuclides × 6 deposition treatments × 2 years × 1 foliar uptake × 2
root uptake approaches).
Deposition [Bq m−2 day − 1] was simulated by adding radioactivity
at the same concentration and day to the ﬂux TEDep as it was applied in
the experiment under the corresponding treatment (Bengtsson et al.
2012). One millilitre of rain was added to precipitation in the
CoupModel simulations at deposition occasions.
2.4.2. Sensitivity analysis
The sensitivity analysis involved Monte Carlo simulations with the
Eikos software (Ekström, 2005) and additional scripts. The parameters
and distributions used in the Tracey application are presented in Table
1 (s in the parameter name denotes scaling factor, k rate, f fraction,
and p other type of parameter). The atmosphere parameters were
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evaporation. The plant parameters were associated with foliar uptake,
litter fall, translocation, and harvest ﬂuxes. The soil parameters were as-
sociated with ﬂuxes in the soil such as adsorption, movement with
water in soil, organic matter decomposition, and root uptake. The
two root uptake approaches, ARU and PRU used different parameters
concerning root water uptake and plant allocation of radionuclides.
Discrimination of several TE ﬂuxes, such as those related to soil
inﬁltration, was disregarded and their scaling factors were set to
one. In total, 18 and 17 parameters were used in the sensitivity anal-
yses with active and passive root uptake scenarios, respectively
(Table 1).
The parameter distributions were as detailed as possible depending
on available information. Logarithmic distribution was chosen when
most of the parameter values were assumed to occur at the lower end
of the range, e.g., a log-normal distribution was chosen for the scaling
factor of TE throughfall from the plant to the soil (sTEInt→SoilSurface). A
log-triangular distribution was chosen when a minimum, maximum
and most likely nominal value were found in the literature, e.g., for
the foliar ﬁxation rates (kTEFixSeed, kTEFixLeaf, kTEFixStem) according to
Whicker and Kirchner (1987). A uniform distribution was chosen
when no information about distribution was available, e.g., for scaling
factors of the division of intercepted TE into seed, leaf, and stem inter-
ception (sTEInt→IntSeed, sTEInt→IntLeaf, sTEInt→IntStem).
When relevant information was available, parameter values were
speciﬁed for 134Cs and 85Sr, e.g., a larger soil adsorption coefﬁcient
(pKd) was used for 134Cs than for 85Sr (Brown and Jones, 2000;
Gerzabek et al., 1992). The lower mobility of Sr than Cs when
intercepted by and within plants frequently mentioned in the literature
wasmimicked by setting several scaling values for 85Sr to half the values
for 134Cs, such as those for indirect throughfall, sTEInt→SoilSurface (Müller
and Pröhl, 1993), reallocation of Cs within plants through the phloem
with corresponding C ﬂuxes during ripening (sTELeaf→Seed, sTEStem→Seed,
sTERoot→SeedI; Strebl et al., 2007; Smolders and Merckx, 1993; Thiessen
et al. 1999), and root uptake (kTESolvedUptake and sTEWaterUptake for active
and passive uptake, respectively; Marschner, 1986).
The parameters were sampled with the Latin Hypercube technique,
known as “stratiﬁed sampling without replacement”, ensuring that the
entire range of the distribution is explored and that fewer samples are
needed than with random sampling. One thousand parameter sets
were drawn for each of the 48 scenarios.
Spearman's rank correlation coefﬁcients (rank-transformed Pearson
correlation coefﬁcients) were used as a sensitivity measure as these are
more robust than non-transformed ones in the presence of long-tailed
input-output distributions (Ekström, 2005).
2.4.3. Calibration, acceptance criteria and posterior distributions
The measured dynamics of grain 134Cs and 85Sr contents in both
2010 and 2011 (Bengtsson et al., 2012, 2013) were used to calibrate
the extended Tracey model. Two differences in experimental design
of the radioactive deposition made us refrain from choosing one year
for calibration and one year for validation. These differences are ca.
50% lower deposition levels of 134Cs 2010 than in 2011, and deposi-
tion of radionuclides in combination with stable caesium respective
strontium in 2011, which implies a certain concurrence between ra-
dioactive and stable element when intercepted by the plant, which
might had affected the scaling factors of the interception and ﬁxation
process.
The simulated dynamics of radionuclides in and on grains
(TESeed + TEIntSeed in Bq m−2) were accepted if they were within the
95% conﬁdence interval (CI) of the mean values of the sum of the mea-
sured 134Cs or 85Sr content of ﬂowers and/or grains plus husk.
For the comparison between measured and simulated values, the
sum of simulated intercepted on and storage in grains
(TESeed + TEIntSeed) values was compared with the measurements as
the measured values do not distinguish between intercepted andinternal grain storage of 134Cs or 85Sr. Similar, the sum of measured
values of 134Cs and 85Sr contents of ﬂowers, grains and husk was com-
pared with the simulated values of TESeed + TEIntSeed as Tracey and
CoupModel have one common conceptual pool for all three plant
tissues.
It was not possible to calculate 95% CI on some sampling occasions
under early deposition treatments D1 and D2, as grains were not yet
formed and/or 134Cs or 85Sr measurements of some replicates were
below the minimum detectable activity (Bengtsson et al. 2012). For
Cs, this applied to the S1 and S2 sampling under treatment D1 and S2
sampling under treatmentD2 (2010), and S1 sampling under treatment
D1 (2011). For 85Sr, it applied to the S1–S5 samplings under D1, as well
as the S2, S5 and S6 samplings under D2 (2010), and the S1 and S4 sam-
plings under D1 (2011). Simulated values for these samplings were all
accepted.
The Kolmogorov-Smirnov test (Massey, 1951;Marsaglia et al., 2003)
was used to calculate whether the posterior parameter settings differed
signiﬁcantly from the prior settings, and signiﬁcant differences are pre-
sented in Table 1. The distribution parameters were estimated by the
maximum-likelihood method and estimates of truncated distributions
were calculated when necessary.
3. Results
3.1. Comparison of measured and simulated LAI values and plant C contents
The simulated dynamics of LAI (Fig. 3a, b), CAboveground biomass, CLeaves
and CGrain agreed well with the corresponding measured values, espe-
cially LAI and CLeaves (R2 correlation coefﬁcients 0.62–0.90 for LAI,
CAboveground biomass, CLeaves and CGrain see Fig. 3).
Themeasured LAI wasmuch higher in 2010 than in 2011 (measured
maxima, 4.5 and 1.7, respectively, see Fig. 3a, b) although accumulated
measured temperatures during the 2010 and 2011 growing seasons
were similar (1880 °C day with an average of 16.5 °C, and 2098 °C day
with an average of 15.6 °C, respectively, see red lines in Fig. 3a, b).
The simulations overestimated the measured CAboveground biomass, es-
pecially CStem (40% overestimation data not shown) and CGrain (12%
overestimation), partly due to an erratic display of simulated values in
the CoupModel calibration menu.
The plant measurements also contained unexpected temporal varia-
tion. In early July 2010, the measured CLeaves showed a dip compared to
measurement before and after (CLeaves mean (stdev): 22 June 99(5), 8
July 86(5) and 19 July 91(21) gC m−2 respectively, Fig. 3c). Similarly,
the measured CGrain declined in late August 2010 (CGrain mean (stdev):
20 Aug 356(47) and 2 Sept 301(53) gC m−2 respectively). These varia-
tionsmight be artefacts due to the limited number of replicates (n=3)
or natural seasonal variation.
3.2. Tracey's model performance
The statistics for measured 134Cs and 85Sr grain storage and the cor-
responding accepted model estimates of TESeed+ TEIntSeed (Bq m−2) are
presented in Table 2. From here grain storage refers to measured
amounts of 134Cs and 85Sr in ﬂowers, grains plus husk, and
TESeed + TEIntSeed to corresponding values from simulations.
In total, 11% of all 134Cs and 10% of all 85Sr simulations were accept-
ed. The Traceymodel simulated the 2011 data better than the2010data.
(15% of 2011 simulations and 6% of 2010 simulations were accepted).
The model overestimated the grain storage of radionuclides more than
it underestimated storage (TEgrain at harvest was underestimated in ca.
10% of simulations and overestimated in ca. 80% of simulations data
not shown). Overestimation can be partly explained by the
overestimated Caboveground, particularly that of Cgrains (Fig. 3c, d) and
hence less good results 2010 compared to 2011. Another explanation
would be the uncertainties in both parameter settings and model de-
scriptions (see below). The choice of root uptake approach, passive or
Table 1
Prior and posterior parameter distributions. Parameters and their prior distributions used in the application of Tracey were arranged by sphere (atmosphere, biosphere and lithosphere)
where s-parameters are scaling factors, k-parameters are rate parameters, f-parameters describe fractions and p-parameters are other types of parameters. Some of the soil parameters are
general (soil), some concerning plant water uptake and allocation are speciﬁc for either active root uptake or passive root uptake. See Appendix A for equations and deﬁnitions of added
parameters, and Gärdenäs et al. (2009) for equations and deﬁnitions of parameters of the original Traceymodel version. The source of information for the prior distribution is given in the
footnotes. The posterior distribution is given if found signiﬁcantly different according to the Kolmogorov-Smirnov test.
Name (unit)
Prior distribution (mean, standard
deviation, min, max, nominal)
Posterior distribution (mean, standard deviation,
min, max) if signiﬁcantly different
Atmosphere
sTEDep→SoilSurface (–) Constant (–, –, –, –, 1)a –
sTEDep→Int (–) Constant (–, –, –, –, 1)a –
sTEInt→IntSeed (–) Uniform (–, –, 0, 1, –)a Normal (0.21, 0.22, 0, 1)
sTEInt→IntLeaf (–) Uniform (–, –, 0, 1, –)a –
sTEInt→IntStem (–) Uniform (–, –, 0, 1, –)a Normal (0.37, 0.21, 0, 1)
sTEInt→SoilSurface (–) Cs: Log-normal (0.7, 0.4, 0, 1.5, –)a,b –
Sr: Log-normal (0.35, 0.4, 0, 1.5, –)a,b Sr: Lognormal (0.39, 0.45, 0, 1.5)
sTEInt→Evap (–) Constant (–, –, –, –, 0)a –
sTESoilSurface→Solved (–) Constant (–, –, –, –, 1)a –
sTESurfacePool→Solved (–) Constant (–, –, –, –, 1)a –
sTESurfacePool→Runoff (–) Constant (–, –, –, –, 1)a –
sTESolved→Evap (–) Constant (–, –, –, –, 0)a –
Plant
kTEFixSeed (day−1) Cs: Log-triangular (–, –, 0, 1, 0.0055)c –
Sr: Log-triangular (–, –, 0, 1, 0.001)c –
kTEFixLeaf (day
−1) Cs: Log-triangular (–, –, 0, 1, 0.0055)c Cs: Log-normal (0.04, 0.67, 0, 1)
Sr: Log-triangular (–, –, 0, 1, 0.001)c Sr: Log-normal (0.01, 0.10, 0, 1)
kTEFixStem (day
−1) Cs: Log-triangular (–, –, 0, 1, 0.0055)c Cs: Log-normal (0.04, 0.47, 0, 1)
Sr: Log-triangular (–, –, 0, 1, 0.001)c Sr: Log-normal (0.01, 0.08, 0, 1)
sTESeed→Litter (–) Constant (–, –, –, –, 1)a –
sTELeaf→Litter (–) Uniform (–, –, 0, 1, –)a –
sTEStem→Litter (–) Constant (–, –, –, –, 1)a –
sTERoot→Litter (–) Constant (–, –, –, –, 1)a –
sTELeaf→Seed (–) Cs: Log-normal (0.7, 0.15, 0, 1, –)a,d –
Sr: Log-normal (0.35, 0.15, 0, 1, –)a,d –
sTEStem→Seed (–) Cs: Log-normal (0.7, 0.15, 0, 1, –)a,d –
Sr: Log-normal (0.35, 0.15, 0, 1, –)a,d –
sTERoot→Seed (–) Cs: Log-normal (0.7, 0.15, 0, 1, –)a,d –
Sr: Log-normal (0.35, 0.15, 0, 1, –)a,d –
sTEStem→Harvest (–) Constant (–, –, –, –, 1)a –
sTELeaf→Harvest (–) Constant (–, –, –, –, 1)a –
sTESeed→Harvest (–) Constant (–, –, –, –, 1)a –
Soil
pKd (m
3 kg−1) Cs: Log-triangular (–, –, 0.1, 10, 1)e –
Sr: Log-triangular (–, –, 0.001, 0.1, 0.01)e Sr: Lognormal (0.02, 0.02, 0, 1)
pBulkDensity (kg m
−3) Normal (1418, 60, –, –, –)f,g
sTEWaterFlow (–) Log-normal (0.35, 0.4, 0, 1.5, –)a,h,i –
sTELitter1→Solved (–) Constant (–, –, –, –, 1)a –
sTELitter1→Humus (–) Constant (–, –, –, –, 1)a –
sTEHumus→Solved (–) Constant (–, –, –, –, 1)a –
Active root uptake
kTESolvedUptake (day
−1) Cs: Log-normal (0.1, 0.3, 0, 1, –)a,j,k –
Sr: Log-normal (0.05, 0.3, 0, 1, –)a,j,k –
pMaxTECLeaf (mgTE gC−1) Cs: Log-normal (65, 17, –, –, –)a,l –
Sr: Log-normal (30, 12, –, –, –)a,l –
pMaxTECStem (mgTE gC−1) Cs: Log-normal (30, 8, –, –, –)a,f –
Sr: Log-normal (10, 4, –, –, –)a,f –
pMaxTECRoot (mgTE gC−1) Cs: Log-normal (50, 28, –, –, –)a –
Sr: Log-normal (22, 20, –, –, –)a –
Passive root uptake
sTEWaterUptake (–) Cs: Log-normal (0.7, 0.15, 0, 1, –)a –
Sr: Log-normal (0.35, 0.15, 0, 1, –)a –
fPRULeaf (–) Normal (0.5, 0.1, 0, 1, –)a,m –
fPRUStem (–) Normal (0.3, 0.1, 0, 1, –)a,m –
Radioactive decay
pHalfLife (day) Cs: Constant (–, –, –, –, 754) –
Sr: Constant (–, –, –, –, 65) –
a Assumed.
b Müller and Pröhl (1993).
c Whicker and Kirchner (1987)
d Strebl et al. (2007).
e Bergström et al. (1999).
f Bengtsson et al. (2013).
g Sandsborg and Wiklert (1975/1976).
h Carrillo-González et al. (2006).
i Simunek et al. (2006).
j Marschner (1986).
k Shaw (1993).
l Rasmusson et al. (1971).
m Nabipour et al. (2007).
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Fig. 2. Schematic illustration of deposition and sampling days. The symbolic radioactive drop marks both deposition (D) and sampling (S) (Bengtsson et al. 2012, 2013),which occurred
at growth stages (GS) 21–92 (according to the BBCH scale by Hack et al. 1992), in 2010 and GS 37–99 in 2011. The ﬁrst sampling was 2–3 h after deposition and once a deposition
treatment (D1–D6) was started, samples were taken every time another deposition was applied.
Illustration of GS by Elsevier B.V. Illustrator (2012).
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uptake simulations were accepted.
The highest acceptance levels (72% of 134Cs and 51% of 85Sr simula-
tions) were for the D6 scenario 2011, i.e. deposition shortly before har-
vest (Table 2), while the lowest acceptance levels were for deposition
scenarios at the beginning of ripening, for example D4 (deposition at
GS 70) in 2010, and D3 (deposition at GS 85) in 2011.
3.3. Simulated grain storage of 134Cs and 85Sr at harvest
The mean of accepted simulated grain storage at harvest increased
strongly with lateness of deposition. When deposition occurred before
ﬂowering, only a few parts per thousand of the deposited amounts
were stored by grains at harvest (average percentage of all simulations:
0.02% of deposited 134Cs and 85Sr).With deposition at ﬂowering, the av-
erage percentage increased to 2.2%of deposited 134Cs and 2.1% of depos-
ited Sr. The highest percentages grain storage at harvest were found in
simulations with deposition after ripening (4.5% of deposited 134Cs
and 4.9% of deposited 85Sr in 2010; 9.1% of deposited 134Cs and 10.1%
of deposited 85Sr in 2011). The higher storage in 2011 might have
been due to harvesting of the crop at a later growth stage in 2011,
GS99 instead of GS92.
Thus, the simulations conﬁrmed that percentages of deposited 134Cs
and 85Sr stored in the grains at harvest were generally higher when de-
position occurred late in the growing season, being highest under the
D6 treatment in both 2010 and 2011 (Table 2). However, therewere ex-
ceptions, such as both the 134Cs and 85Sr simulations of the D4 scenarios
in 2011 and the D5 134Cs scenario in 2010, a scenario with a relatively
large 95% CI.
Similar amounts of deposited 134Cs and 85Sr were stored in grains, as
can be seen most easily in the data for 2011, when 134Cs and 85Sr radio-
activity concentrations in the depositions were of the same magnitude
(Table 2).3.4. Sensitivity of grain storage to wheat's and radionuclides' properties
As shown by parameters with Spearman rank correlation coefﬁ-
cients ≥|0.1 | in Table 3, results of the sensitivity analysis of 134Cs
and 85Sr grain contents at harvest in 2010 and 2011were highly consis-
tent. Three phases with different governing factors could be distin-
guished. Fixation rates of stems and leaves, kTEFixStem and kTEFixLeaf,
largely governed storage when deposition occurred before ﬂowering.
The grains' ﬁxation rate, kTEFixSeed, wasmost inﬂuential when deposition
occurred between ﬂowering and ripening. When deposition occurred
between ripening and harvest, grain storagewas strongly positively cor-
related with the grains' capacity to intercept radionuclides, sTEInt→IntSeed,
and negatively correlated with the stem's interception capacity,
sTEInt→IntStem.
The 85Sr grain contentwas somewhatmore correlated to sTEInt→SoilSurface,
a measure of sensitivity for weathering, than the 134Cs content
(Table 3). Under the earliest deposition treatment, D1, the Sr content
in the grains was sensitive to soil parameters such as the adsorption
capacity pkd and the scaling of radionuclide transportwithwater uptake
in the passive root uptake approach sTEWaterUptake.
The posterior distributions of most governing parameters differed
from the prior distributions (Table 1): the means of the ﬁxation rates
of stems and leaves, and the grains' interception capacity sTEInt→IntSeed
decreased, whereas pkd for 85Sr increased. All these changes in distribu-
tion resulted in lower grain storage of radionuclides.3.5. Simulated dynamics of grains' storage
The temporal variation of simulated grain storage of 134Cs (Fig. 4a, b)
and 85Sr (Fig. 4c, d) revealed that in general the ﬁrst sampling under
each treatment, 2 h after deposition, generated the highest mean values
and highest uncertainties of grains' 134Cs and 85Sr contents, and the
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Fig. 3. Comparison ofmeasured and simulated LAI (Fig. a and b) and C in aboveground biomass (CAboveground biomass), leaves (CLeaves), and grain plus husk (CGrain) (Fig. c and d), in 2010 (left)
and 2011 (right).
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deposition, the simulated total storage (TESeed + TEIntSeed) consisted
mainly of simulated intercepted radionuclides (TEIntSeed) (Fig. 4),
highlighting the increasing importance of interception after ﬂower for-
mation, from D3 in 2010 and D2 in 2011. Exceptions to the general in-
crease of initial simulated values were observed under treatment D5
for both 134Cs and 85Sr in 2010, when the measurements of the ﬁrst
sampling after deposition had relatively high 95% CI (Fig. 4a and c).
Under several later deposition treatments, such as D3–D5 in 2010
and 2011, there was a rapid decline in TESeed + TEIntSeed due to rainfall
exceeding water interception capacity, i.e., the radionuclides were
washed-off (see precipitation at the top of Fig. 4). The declines in
grain storage under the D3 and D4 treatments in 2011 occurred at the
same time. This implies that still 11 days after interception substantial
proportions of intercepted radionuclides could be washed off. Theaccumulated rain during the wash-off period was 48 mm and even as
little as 5 mm rainfall (13 July 2011) were sufﬁcient to initiate wash-
off. Relative losses of grain 134Cs and 85Sr contents caused by rain
under D4 treatments in 2010 and 2011 were similar. 65% of 134Cs and
66% of 85Sr grain stored were washed-off with an accumulated rainfall
of 134 mm rain during the period 22 July to 9 August 2010. Similarly,
in 2011, 76% of 134Cs and 79% of 85Sr grain stored were washed off
with an accumulated rainfall of 118 mm rainfall between 7 and 23 Au-
gust 201. In 2010, the maximum water interception capacity (1 mm)
was larger than in 2011 (0.3 mm) due to the differences in measured
LAI between the years (Fig. 3a, b).
Under some treatments, such as D4 in 2010 and D2 in 2011, 134Cs
grain contents (but not Sr contents) recovered somewhat during the
end of July and beginning of August, due to 134Cs reallocation, for in-
stance from leaves to grains during ripening.
Table 2
Statistics of 134Cs and 85Sr contents of grains and husks at harvest (Bq m−2, sampling S6 at growth stage GS92 2010 and GS99 2011) for D1–D6 treatments; left part, measurements with
mean and 95% conﬁdence interval (CI), and right part, the accepted simulated TESeed+ TEIntSeed (mean, min, max in Bqm−2) at harvest and numbers of accepted simulations of scenarios
with the passive root uptake approach. Simulated mean accumulated total plant uptake by foliar or roots (Bq m−2) are also given, n.a. means value is not available.
D-treatment 134Cs measurements
Grain + husk
Accepted 134Cs simulations with passive root uptake
TESeed + TEIntSeed Number accepted
simulations
Accumulated plant uptake
Mean
(Bq m−2)
95%CI
(Bq m−2)
Mean
(Bq m−2)
Min
(Bq m−2)
Max
(Bq m−2)
Foliar
(Bq m−2)
Roots
(Bq m−2)
S6 2010
D1 7 23 5 2 9 40 9 5
D2 180 75 182 107 255 80 501 4
D3 533 832 357 29 744 36 1134 3
D4 576 232 555 362 781 16 1870 4
D5 767 1140 269 2 1009 47 1938 0
D6 1248 534 1208 713 1733 41 388 0
S6 2011
D1 139 193 75 4 138 287 143 5
D2 616 1122 531 52 867 25 2215 3
D3 981 345 790 737 880 3 3819 0
D4 411 533 494 314 885 23 3123 1
D5 4738 1570 3706 3290 5113 19 3255 0
D6 4194 3042 3739 1166 7230 723 493 0
D-treatment 85Sr measurements
Grain + husk
Accepted 85Sr simulations with passive root uptake
TESeed + TEIntSeed Number accepted
simulations
Accumulated plant uptake
Mean
(Bq m−2)
95%CI
(Bq m−2)
Mean
(Bq m−2)
Min
(Bq m−2)
Max
(Bq m−2)
Foliar
(Bq m−2)
Roots
(Bq m−2)
S6 2010
D1 3 11 11 8 14 21 31 74
D2 0 n.a. 63 6 152 354 639 93
D3 150 347 112 6 230 30 1081 70
D4 334 84 321 252 389 14 2036 113
D5 1419 1879 678 1 1942 44 2515 17
D6 2346 664 2396 1702 3006 30 286 0
S6 2011
D1 7 17 10 2 23 83 40 91
D2 230 443 168 30 323 20 1601 50
D3 1207 687 571 546 586 3 3683 22
D4 627 654 522 151 1270 54 2429 39
D5 4652 1180 3994 3510 4776 29 2763 3
D6 3996 2350 4089 1674 6314 516 375 0
1321A.I. Gärdenäs et al. / Science of the Total Environment 574 (2017) 1313–1325Foliar uptake dominated uptake from GS 37 (stem extension) on-
wards (from ﬂowering onwards for Sr in 2011), accounting for 99%
and 90% of total plant uptake of 134Cs and 85Sr, respectively (Table 2,
simulated total foliar uptake including uptake to other plant parts, and
thus may be higher than grain storage).
The accumulated foliar uptake was largest during growth stage GS
89 under treatment D5 in 2010 and at GS 85 under treatment D3 in
2011 (dough to fully ripening stages, Table 2). Foliar uptake was
governed by the leafﬁxation rates until theﬂowers/grains started to de-
velop, after which the stems' ﬁxation rates governed foliar uptake
(based on Spearman ranking correlation coefﬁcients of foliar uptake:
data not shown). Under early deposition treatments, the leaf's intercep-
tion capacity inﬂuenced foliar uptake of 85Sr more strongly than foliar
uptake of 134Cs.
The choice of root uptake approach, passive or active, had marginal
effects on estimated storage at harvest, and only in growth stages up
to ﬂowering.
4. Discussion
The presented modelling conﬁrmed that grain storage of radionu-
clides increased with increasing lateness of deposition, up to 4 kBq
134Cs or 85Sr in grainsm−2 in 2011. In 2010, when the cropwas harvest-
ed at an earlier growth stage, themaximum levelswere about half those
in 2011. The Sr area-weighted levels corresponded to amaximummeanradioactivity in grains of 3 and 8 Bq 85Sr g−1 dry weight in 2010 and
2011, respectively. Corresponding values for 134Cs were 2 and
7 Bq g−1 dry weight of grains in 2010 and 2011, respectively. The per-
centage of deposited radionuclides intercepted by grains was of similar
magnitude to that reported from other experiments involving deposi-
tion shortly before harvest (Aarkrog, 1969, Eriksson et al., 1998). Colle
et al. (2009) reviewed nine studies of translocation factor (%) of cereals,
deﬁned as the ratio between grain activity at harvest (Bq m−2) and
intercepted activity at time of deposition (Bq m−2). Cs average translo-
cation factor ranges from 0.6% to 6.1% depending on the growth stage at
time of deposition,with a 95% CI of 0.06–27.1%. Corresponding numbers
for Sr are 0–2% with a 95% CI of 0–8.5%. We compared these numbers
with the simulated translocation factors of the D1–D4 treatments as in
these treatments translocation can be expected to dominate the sum
of TESeed + TEIntSeed (TESeed + TEIntSeed in the D5- and D6-treatments
might consist mainly or totally of intercepted Cs or Sr by the husk).
For 2010, the simulated translocation factors of the D1–D4 treatments
ranged from 1.6–5.9% (Cs) and 1.3–1.9% (Sr), thus within the mean
values of translocation factor reported by Colle et al. (2009). For 2011,
we found higher translocation factors, 7.5–18.2% (Cs) and 1.3–8.9%
(Sr), but yet (Sr: almost) within the 95% CI ranges reported by Colle et
al. (2009). Bengtsson et al. (2013) calculated translocation factor as
the ratio between biomass activity and intercepted activity (m kg−1).
They found for the year 2011 of this experiment about one magnitude
higher translocation values than for 2010 (Cs: 5 × 10−3 versus
Table 3
Spearman rank correlation coefﬁcients of parameters ≥|0.1| in sensitivity analyses. All scenarioswere included; combinations of two radionuclides, two years, six deposition treatments (D1–
D6), one foliar and two root uptake approaches, active (ARU) and passive (PRU). Spearman rank correlation coefﬁcients b|0.1| are shadowed. The growth stage (GS) at which a treatment
was started is provided to facilitate comparison between the two years.
134Cs 2010 D1 GS21 D2 GS37 D3 GS65 D4 GS70 D5 GS89 D6 GS92
ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU
sTEInt      IntSeed -0.01 -0.01 -0.01 -0.01 0.14 0.14 0.13 0.13 0.43 0.43 0.82 0.82
sTEInt      IntStem -0.05 -0.04 -0.07 -0.07 -0.15 -0.15 -0.13 -0.13 -0.40 -0.40 -0.84 -0.84
sTEInt      SoilSurface -0.23 -0.25 -0.02 -0.02 -0.06 -0.06 -0.18 -0.18 -0.64 -0.64 -0.15 -0.15
kTEFixSeed 0.02 0.03 0.04 0.04 0.57 0.57 0.70 0.70 0.37 0.37 0.02 0.02
kTEFixLeaf 0.47 0.49 0.50 0.50 0.31 0.31 0.22 0.22 0.03 0.03 -0.01 -0.01
kTEFixStem 0.62 0.63 0.66 0.66 0.45 0.45 0.33 0.33 -0.03 -0.03 -0.01 -0.01
134Cs 2011 D1 GS37 D2 GS65 D3 GS85 D4 GS89 D5 GS92 D6 GS99
ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU
sTEInt      IntSeed
0.09 0.08 0.16 0.16 0.22 0.22 0.24 0.24 0.65 0.65 0.59 0.59
sTEInt      IntStem
-0.08 -0.08 -0.14 -0.14 -0.18 -0.18 -0.21 -0.21 -0.63 -0.63 -0.58 -0.58
sTEInt      SoilSurface
-0.24 0.26 -0.15 -0.15 -0.13 -0.13 -0.23 -0.23 -0.48 -0.48 -0.61 -0.61
kTEFixSeed
0.31 0.32 0.70 0.70 0.89 0.89 0.88 0.88 0.22 0.22 0.07 0.07
kTEFixLeaf
0.35 0.38 0.21 0.21 0.07 0.07 0.04 0.04 0.02 0.02 0.01 0.01
kTEFixStem
0.53 0.55 0.36 0.36 0.09 0.09 0.00 0.00 -0.03 -0.03 -0.03 -0.03
85Sr 2010 D1 GS21 D2 GS37 D3 GS65 D4 GS70 D5 GS89 D6 GS92
ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU
sTEInt      IntSeed 0.01 0.01 -0.01 -0.01 0.33 0.33 0.30 0.30 0.58 0.58 0.82 0.82
sTEInt      IntStem -0.06 -0.06 -0.07 -0.07 -0.27 -0.27 -0.23 -0.23 -0.57 -0.57 -0.84 -0.84
sTEInt      SoilSurface -0.22 -0.26 -0.01 -0.02 -0.42 -0.42 -0.63 -0.63 -0.59 -0.59 -0.12 -0.12
kTEFixSeed 0.00 0.02 0.03 0.03 0.48 0.48 0.46 0.46 0.14 0.14 0.01 0.01
kTEFixLeaf 0.39 0.45 0.51 0.52 0.20 0.20 0.09 0.09 0.02 0.02 -0.01 -0.01
kTEFixStem 0.47 0.54 0.60 0.61 0.26 0.26 0.11 0.11 -0.04 -0.04 -0.01 -0.01
s TEStem      Seed 0.10 0.08 0.10 0.09 0.04 0.04 0.01 0.01 0.01 0.01 0.00 0.00
p Kd -0.22 -0.23 -0.07 -0.04 0.00 0.00 0.01 0.01 0.02 0.02 -0.01 -0.01
kTESolvedUptake 0.34 0.06 -0.01 -0.01 0.01 0.03
sTEWaterUptake 0.12 0.03 0.02 0.01 0.03 0.04
85Sr 2011 D1 GS37 D2 GS65 D3 GS85 D4 GS89 D5 GS92 D6 GS99
ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU ARU PRU
sTEInt      IntSeed
0.17 0.17 0.35 0.35 0.32 0.32 0.29 0.29 0.72 0.72 0.70 0.70
sTEInt      IntStem -0.14 -0.14 -0.26 -0.26 -0.23 -0.23 -0.24 -0.24 -0.72 -0.72 -0.71 -0.71
sTEInt      SoilSurface -0.44 -0.50 -0.53 -0.53 -0.59 -0.59 -0.69 -0.69 -0.39 -0.39 -0.42 -0.42
kTEFixSeed 0.27 0.31 0.52 0.52 0.56 0.56 0.47 0.47 0.08 0.08 0.02 0.02
kTEFixLeaf 0.23 0.28 0.10 0.10 0.04 0.04 0.03 0.03 0.00 0.00 0.00 0.00
kTEFixStem
0.35 0.40 0.16 0.16 0.01 0.01 -0.02 -0.02 -0.03 -0.03 -0.03 -0.03
pKd
-0.16 -0.10 0.00 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01
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Fig. 4. Temporal variation ofmeasured and simulated grain storage of 134Cs (a, 2010; b, 2011) and 85Sr (c, 2010; d 2011);means (–) and 95% conﬁdence interval CI-limits (colouredbars) of
measured values, and means (bold lines) and minima and maxima (dashed lines) of accepted simulations of TESeed + TEIntSeed of the D1–D5 treatments. Precipitation is shown along the
upper X-axis. No CI-limits could be calculated for several samplings under the D1 and D2 treatments in both years. See Table 2 for the D6 treatment.
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(2001).
Foliar uptake dominated total plant uptake (99% and 90% of total
plant uptake of 134Cs and 85Sr, respectively). A pattern in factors
governing storage dynamics and their variation with growth stage at
the time of deposition was identiﬁed. Grain storage at harvest was
largely governed by stem and leaf ﬁxation rates when deposition oc-
curred before ﬂowering, by ﬂower/grain ﬁxation rates when deposition
occurred between ﬂowering and ripening, and by the interception ca-
pacity of the grains when deposition occurred at full ripening. This in-
formation about the shifts in governing factors with the growth stage
at time of deposition could be valuable for improving precision in risk
assessments of future depositions during growing season. 134Cs grain
storage under the early deposition treatments sometimes increased
after ﬂowering due to reallocation of 134Cs from leaves and stem to
grain, in accordance with Strebl et al. (2007) and Smolders and
Merckx (1993).
The results demonstrated that the extension of Tracey and further
linking of CoupModel with the Tracey model enabled precise, dynamicestimates of radionuclide balances in the focal atmosphere-plant-soil
system. The use of a dynamic model with high temporal resolution
such as the CoupModel is necessary for analysing the effect of driving
variables and/or processeswith high temporal resolution. The extended
model allowed analysis of direct weather effects, such as precipitation,
indirect weather effects, such as growth, and their combined effects,
such as interception capacity and throughfall, which are important for
obtaining accurate dynamic estimates of interception and foliar uptake
(Marschner, 1986; Pröhl, 2009; Thiessen et al. 1999). In contrast,
models that use simple logistic growth modules such as PATHWAY
(Whicker and Kirchner, 1987) and COMIDA (Abbott and Rood, 1993),
are restricted to estimating template values of possible storage of radio-
nuclides in food and fodder plants. Such values have clear disadvantages
because plant growth and development rates can vary substantially be-
tween years (as in this study), resulting in shifts in uptake and dilution
of radionuclide concentrations (Greger, 2006).
Both measurements and model estimates have uncertainties which
need to be communicated in appropriate way to scientists, authorities
and policy-makers, and stakeholders such as farmers, food industry
1324 A.I. Gärdenäs et al. / Science of the Total Environment 574 (2017) 1313–1325staff and wider society. The 95% CI limits expressed the uncertainties of
themeasurements (Table 2). There are fourmain sources of uncertainty
in model estimates (Walker et al., 2003); the context and scenarios, the
model concept, driving variables and parameters.
The context and scenarios were deﬁned by the experiment by
Bengtsson et al. (2012, 2013). There were several differences in scenar-
ios between the two experimental years, which generated uncer-
tainties. The radioactive concentration of 134Cs in the deposition
treatments was about 50% lower in 2010 than in 2011. In 2011, un-
known amounts of stable Cs or Sr were deposited as well leading to a
potential concurrence between stable nuclides and radionuclides for in-
terception and retention. Even if a concurrence situation better reﬂects
the situation after a nuclear accident, it also introduces a source of
uncertainty.
Moreover, there were large variations in measured plant growth.
The 2010 experimental harvest was almost double the regional aver-
age for spring wheat, whereas the 2011 experimental harvest was
average for the region (Statistics Sweden, 2011; Statistics Sweden,
2012). Similarly, the large differences in measured LAI between
2010 and 2011 could not be explained by differences in measured
temperature sum. The LAI values of both years were within the
range of spring wheat values recorded in Nordic countries (Ewert
and Pleijel, 1999).
Given the contextual uncertainties, data for both experimental years
were used for calibration of the Tracey model in an effort to avoid bias
towards extraordinary circumstances.
Concerning uncertainties originating from the model concept, the D6
treatments were considered a test of the added radionuclide interception
description; as the time between deposition and sampling was too short
(2−3 h) for signiﬁcant uptake. Results for simulations of the D6 treat-
ment in 2011 were good as 72% (134Cs) and 52% (85Sr) of simulations
were accepted. However, of the D6 treatment simulations in 2010, only
4% (134Cs) and 3% (85Sr) were accepted. The substantial overestimates
of CGrain in 2010 may explain the poor results of D6 treatment 2010.
Considering the importance of the ﬁxation rate kTEFixSeed for grain
storage, for future use it may be an improvement to divide the TESeed
pool into three pools: TEFlowers, TEOuterSeedShell (husk in the case of
wheat), and TEInternalgrain. This would also require much lower uncer-
tainty in the measurements of C and TE storage in husks and grains
than was present in our dataset (Bengtsson et al., 2012; Bengtsson et
al., 2013).
The CoupModel overestimation of the plant C content might have
led to overestimation of simulated radionuclide ﬁxation and the poorer
Tracey result 2010 compared to 2011 (for which 6% and 15% of the
Tracey simulations were accepted, respectively). The measured LAI
was chosen as a driving variable in the CoupModel application to assure
good estimates of interception capacities of water and radionuclides
with the Traceymodel. Thiswas successful, as the R2 betweenmeasured
and simulated LAI values was 0.9. However, themeasured LAI dynamics
constrained the C model's performance, leading to either overestima-
tion of plant C content in 2010 or underestimation in 2011. Data from
2011, the year with regional average harvest, was prioritized in the C
model calibration.
There was also considerable uncertainty in the range and distribu-
tion of many Tracey parameters. By using the Kolmogorov-Smirnov
test, we could deﬁne more precisely the parameter range and distribu-
tions. For most governing factors, the posterior distributions differed
signiﬁcantly from their prior distributions, and all changes in parameter
distributions led to lower grain storage of radionuclides.
The extended model and factors governing radionuclide storage
could be used to calculate potential doses of radionuclides in plant
parts after radioactive deposition, accounting for local weather condi-
tions, and the growth stage of contaminated plants. Such a model
could substantially improve preparedness and guidelines for managing
contaminated food production systems, as described by Nisbet et al.
(2010), by reﬁning calculations of risks and uncertainties in the caseof eventual radioactive deposition, and for designing countermeasures
tailored for speciﬁc climatic and agricultural regions. A factor analysis
could include assessment of weather, soil, plant type, growth stage
and management. Wash-off of intercepted radionuclides was found to
be directly related to precipitation of 5 mm or more within 1–3 weeks
of deposition. This also indicates that irrigationmight be a suitablemea-
sure for reducing foliar uptake.
The acquisition and dissemination of information about speciﬁc risks
under local conditions can greatly improve possibilities for maintaining
both food security and food production in the event of radioactive con-
tamination. For example, Tracey can provide information needed to de-
cide whether crop products can be safely harvested or should be
discarded. However, this requires adequate knowledge transfer to
end-users, farmers, and relevant authorities. Lessons about knowledge
transfer can be learned from the Chernobyl and Fukushima accidents,
as positive information was not taken seriously and negative informa-
tion was exaggerated (Enander, 2006; Steinhauser et al., 2014). There-
fore, it is essential that uncertainties in the predictions of policy-based
models are adequately communicated in combination with thorough
analyses of the farmers' drivers for adopting countermeasures.
5. Conclusions
The extended version of Tracey can accurately simulate storage dy-
namics of radionuclides in wheat grain that is a major source of
humandiets. Themodel results conﬁrmed that grain storage of radionu-
clides is highest when deposition occurs shortly before harvest. The
model also showed that foliar uptake totally dominates when deposi-
tion occurs during ﬂowering or later in the season.
Thedependency of the storage dynamics on the localweather, radio-
nuclide and wheat's properties was highlighted. We found that storage
of radionuclides in grains at harvest is largely governed by stem and leaf
ﬁxation rates if deposition occurs before ﬂowering, by grain ﬁxation
rates if deposition occurs between ﬂowering and ripening, and by the
interception capacity of the grains if deposition occurs at full ripening.
Rainfalls of 5mmormorewithin 1–3weeks after deposition strong-
ly reduced retention of the deposited radionuclides, indicating that irri-
gation might be a suitable counter-measure. The extended Tracey
model and its results can be used to improve preparedness for radioac-
tive deposition on growing cereals and to tailor counter-measures to
suit local conditions.
We conclude that the grains' interception capacity of a radionuclide
can be used to predict grain storage of radionuclides deposited in the
riskiest period, i.e. close to harvest.
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